Oxide ion conductivity in defect perovskite, mainly Pr 2 NiO 4 with K 2 NiF 4 structure, was studied in details. Defect perovskite oxide consists of perovskite block connected series to oxygen deficient block and although it is known that oxygen deficient block traps mobile oxide ion in lattice, interstitial oxygen introduced at rock salt block in Pr 2 NiO 4 shows high mobility resulting in the high oxide ion conductivity. Oxide ion conductivity is much increased by doping Cu and Ga for Ni site and Pr deficient. The observed oxide ion conductivity was high like log (·/Scm 2 O 2 (SDC) nano laminated film was further studied and the conductivity was much increased by formation of residual strain and the ion blocking method shows the transport number of the laminated film is almost unity and so high conductivity of PNCG/SDC laminated film could be assigned to pure oxide ion. Application of PNCG for anode of SOFC was further studied and it was found that surface activity of Pr 2 NiO 4 doped with Cu and Ni shows high and so superior cathodic property was achieved at low temperature by mixing Pr 2 NiO 4 with SDC. The maximum power density of the cell using LaGaO 3 thin film electrolyte was achieved at 0.12 W/cm 2 at 673 K.
Introduction
Oxide ion conductor generally exhibits ion conductivity through oxygen vacancy which could be introduced by dopant. 1) Typical case is stabilized ZrO 2 and the oxygen vacancy is introduced as the following equation like Y doping case.
Oxide ion conductivity was first found in ZrO 2 doped with 15 wt % Y 2 O 3 (stabilized zirconia denoted as YSZ) by Nernst and so, the history of oxide ion conductor is longer than a century. In the history of oxide ion conductor, fluorite structure oxides consisting of tetravalent cation (ZrO 2 , CeO 2 , ThO 2 etc.) have been widely studied and used for electrolyte of various devices such as solid oxide fuel cells and gas sensors. Although the oxide with perovskite structure is anticipated to be a superior oxide ion conductor, typical perovskite oxides such as LaCoO 3 and LaFeO 3 are known as a famous mixed electronic and oxide ionic conductors, which can be used for cathode of SOFC. Therefore, these mixed conducting perovskite oxides can be promising material group for the cathode catalysts for SOFC or oxygen permeating membranes. Now the large majority of perovskite oxides exhibiting the oxide ion conduction is classified as mixed conductors, which show both electronic and oxide ionic conduction and can not be used as electrolyte of SOFC. Evidently, some perovskite oxide shows fast diffusivity of oxide ion and expecting as the oxide ion conducting electrolyte. However, these perovskite oxides show much larger electronic or mainly hole conduction and so only considered for active electrode. On the other hand, perovskite related oxide also shows mixed conductivity. However, up to now, detail study on oxide ion conductivity in defect perovskite oxide is not studied in details. In this study, we mainly focused the mixed conductivity in Pr 2 NiO 4 with K 2 NiF 4 structure and also applied for cathode of SOFC.
Effects of dopant on oxide ion conductivity in Pr 2 NiO 4 2)
Typical defect perovskite for oxide ion conductor is K 2 NiF 4 structure, in which perovskite oxide block (ABO 3 ) connecting with rock salt one (AO), in which large free volume for oxide ion conduction. Typical case for this defect perovskite is Sr 2 TiO 4 , and oxide ion conductivity of Ti base oxide was reported. 3) However, introduction of oxygen vacancy or interstitial oxygen into rock salt block is rather difficult and the observed oxide ion conductivity in large part of K 2 NiF 4 structure oxide is low in spite of expectation. However, recently, we found that high oxygen diffusivity was achieved in Pr 2 NiO 4 by doping with Cu and Ga, although high hole conduction is simultaneously observed. 4),5) In this section, effects of dopant and cation deficient on oxide ion conductivity in Pr 2 NiO 4 are studied. Figure 1 shows the temperature dependence of the oxygen permeation rate in Pr 1.9 Ni 0.71 Cu 0.24 M 0.05 O 4+¤ (M = In, Ga, Al). While the permeation rates of In-and Al-doped compositions are somewhat higher than that of the non-doped composition, the Gadoped composition exhibited a much higher oxygen permeation rate. That is, among the three compositions, the most significant effect of higher-valence cation doping is observed only with the Ga-doped composition.
Because Pr 2 Ni 0.75 Cu 0.25 O 4 doped with Ga showed the highest oxygen permeability, Ga-doped membranes with different amounts of Ga were further studied using a series of compositions of Pr 2¹X Ni 0.76¹X Cu 0.24 Ga X O 4+¤ (x = 0, 0.025, 0.05, 0.1). Figure 2 shows the XRD patterns of these materials. Although a small amount of impurity phase is observed, which could be assigned to NiO phase, when the amount of Ga is high, the single phase of Pr 2 NiO 4 -type structure is obtained over a wide range of Ga compositions. It is also noted that high crystallinity is achieved for compositions of x = 0.05 and 0.1 because the diffraction peaks become higher and sharper. Considering the Xray diffraction patterns, the crystal structure of this phase may change from a triclinic to a tetragonal lattice at x = 0.05 and 0.1. A similar phase change has been reported in the case of Nd 2 NiO 4 ; the phase change was also detected in this study from the sharpness of the main diffraction peaks [24, 25] . Figure 3 shows the oxygen permeation rate from air to He in Pr 2¹X Ni 0.76¹X Cu 0.24 Ga X O 4+¤ with La 0.1 Sr 0.9 Co 0.8 Fe 0.2 O 3 -(LSCF1982) catalyst as a function of X value. We observed that the oxygen permeation rate increased sharply at X = 0.03, where the crystal phase may change from orthorhombic to hexagonal. Therefore, this phase change suggests that interstitial oxygen was introduced by the addition of Ga. Since c-axis was increased with increasing X value and diffraction peaks was sharpen, introduction of interstitial oxygen at rock salt block and also phase change were suggested. Since high symmetry of crystal lattice is required for fast diffusivity of oxide ion, oxygen permeation rate was increased by Pr deficiency. Ga is higher valence number than Ni and so doping Ga decrease the electrical conductivity, however, distortion of NiO6 octahedral was changed by doping Ga resulting in the increased oxide ion conductivity. Details mechanism was reported in our previous report. 7) , 8) It is also noted that interstitial oxygen at Pr deficient composition was also detected by neutron diffraction analysis. 5) This is one reason why the oxygen permeation rate increase at X = 0.03 in Pr 2¹X Ni 0.76¹X Cu 0.24 Ga X O 4+¤ could be assigned to this phase change and the introduction of interstitial oxygen. In fact, the oxygen permeation rate reaches a maximum at X = 0.05 at 1273 K and 0.10 at temperatures lower than 1173 K. The oxygen permeation rate in Pr 1.9 Ni 0.71 Cu 0.24 Ga 0.05 O 4+¤ is extremely high, for instance, 286¯mol/min cm 2 at 1273 K, considering the membrane thickness of 0.5 mm and small P O2 gradient (from air to He). Figure 4 shows the comparison of the oxygen permeation rate in Pr 1.9 [19, 20] , and also typical perovskite-type MIECs.
Oxide ion conductivity could be estimated based on Eq. (2) when the oxygen partial pressure difference is estimated; in addition, oxygen permeation is limited by bulk oxide ion diffusivity. In this study, oxide ion conductivity in Pr 1.9 Ni 0.71 Cu 0.24 -Ga 0.05 O 4+¤ was estimated by assuming the low oxygen partial pressure in the outlet gas composition. Figure 5 shows the temperature dependence of the estimated oxide ion conductivity in Pr 1.9 Ni 0.71 Cu 0.24 Ga 0.05 O 4+¤ . As can be seen from Fig. 5 , the estimated oxide ion conductivity of this doped Pr 2 NiO 4 is high, even higher than that of the LaGaO 3 -based oxide. Therefore, diffusivity of oxide ion and conductivity in this Pr 2 NiO 4 is very interesting.
As introduced, by doping Cu and Ga, interstitial oxygen is introduced into rock salt block and so oxide ion conductivity in this oxide is mainly based on interstitial oxygen, but not oxygen vacancy.
5) Figure 6 shows the nuclear density distribution on the (100) plane of the mixed conductor (Pr 0.9 La 0.1 ) 1 was shown in this figure. Apparently, at high temperature, interstitial oxygen is introduced into O3 position, which is interstitial position in rock salt block and then oxide ion is conducted through this interstitial position. On the other hand, perovskite block has high density of electron and it is suggested that hole is mainly conducted in perovskite block. Therefore, this K 2 NiF 4 structure is highly anisotropic one for oxide ion and hole conduction and different conduction route for ion and electronic charge carrier as shown in Fig. 6 . The estimated oxide ion conductivity in Pr 2 NiO 4 from oxygen permeation rate is higher than that of LaGaO 3 based oxide suggesting that defect perovskite oxide is also an interesting material group from viewpoint of oxide ion conductor.
3. Strain effects on oxide ion conductivity 9) Recently, there are strong interests on nano size effects in ionic conductivity 10) . "Nano size effects" mean the enhancement in conductivity when the size of grain or film thickness becomes nano meter size. Sata et. al first time reported that an increase in the interface density in a multilayered calcium fluoride and barium fluoride (CaF 2 /BaF 2 ) strongly enhanced the ionic conductivity along the interfacial direction, particularly when the film thickness ranged between 20 and 100 nm, as compared with either bulk calcium fluoride or bulk barium fluoride.
11) Maier et al. attributes this conductivity enhancement to the presence of space charge regions at the interfaces. The mechanisms of such increase in ionic conductivity are still discussed and not clear yet. On the other hand, in case of an ultrathin film of oxide ion conductor, misfit in crystal lattice of film and substrate seems to cause a residual stress, 12) resulting in the large influence on the conductivity.
Kosacki et al. deposited epitaxial YSZ thin films by pulsed laser deposition on (001)-oriented single crystals of MgO. 13 ), 14) They reported high ionic conductivity for YSZ films thinner than 60 nm. In particular, when the YSZ thickness decreased from 60 to 15 nm, the conductivity at 673 K increased about 150 times. The increase was attributed to a highly conductive layer at the YSZ/MgO interface, about 1.6 nm thick, given that the enhancement in conductivity occurred only for films thinner than 60 nm. The estimated interfacial conductivity is higher than the YSZ bulk conductivity by more than three orders of magnitude. The activation energy decreased from 1.09 to 0.62 eV when the YSZ thickness was reduced from 60 to 15 nm. The lattice mismatch at the YSZ/MgO interface is very large (18%), and thus, it is expected to be compensated not only by the elastic strain but also by the formation of misfit dislocations. Similar enhancement in oxide ion conductivity in ZrO 2 or CeO 2 based oxide film are reported by several groups. 13)20) The authors also studied the effects of film thickness of La 2 GeO 5 based oxide film and the oxide ion conductivity as a function of film thickness. 21) In similar manner with the ZrO 2 or CeO 2 based oxide, oxide ion conductivity increases with decreasing film thickness. However, comparing with the ZrO 2 or CeO 2 , the length of highly conducting phase is much larger on La 2 GeO 5 phase, which might be related with the high mobility of oxide ion in this oxide comparing with that of La 2 GeO 5 as discussed. Large increase in conductivity (8 orders of magnitude) is reported for YSZ molecular film sandwiched between SrTiO 3 , 22) however, the improvement in conductivity can not be repeated by other groups and furthermore, the improved conductivity is not assigned to the electronic conduction but not ionic conduction. Therefore, Kilner et al. concluded that the improved conductivity by nano size thickness film mainly assigned to the improved electronic conductivity. 23) Considering the anisotropic conduction mechanism of Pr 2 NiO 4 doped with Cu and Ga, change in conductivity in strained film of Pr 2 NiO 4 is highly interesting. In this study, effects of tensile strain on conductivity of Pr 2 NiO 4 were measured. 9) Figure 7 shows SEM image of the surface and the fractured surface of the film with 100 nm thickness. Evidently, the total thickness of the film is almost 1000 nm, which is objective thickness and there is no cracks or delamination observed in the film. Surface SEM image also shows the uniform and flat, and no grain boundary was clearly observed, while small roughness was observed. Therefore, the dense film with uniform thickness was deposited in this study. It is also noted that the composition of the film is almost the same with that of Pr 1.91 Ni 0.75 Cu 0.24 Ga 0.05 O 4 by WDX analysis. Even at 100 nm, uniform and continued film was deposited on MgO substrate. Figure 8 shows the narrow scan results of XRD around 2ª = 30 degree of the PNCG film with various thickness and three diffraction peaks assigned to (004), (113), and (200) planes were observed in this angles. Homogeneity in chemical composition of the film was studied with EDX analysis and the X-ray image of the film was uniform and so homogeneous of the film seems to be acceptable. Evidently angles of all diffraction peaks were shifted to a lower value suggesting that the lattice was expanded in the film and these changes in a unit lattice are generally explained by epitaxial growth of the film, i.e., adjustment of lattice parameter between the film and the substrate. In particular, lower angle shift in (004) peak with decreasing film thickness was more significantly observed comparing with other peaks. In addition, diffraction peaks became broaden with decreasing thickness of the film. The lattice parameters were estimated by X-ray diffraction measurements and shown in Table 1 with that of bulk PNCG. Evidently, c-and a=b lattice parameters were enlarged with decreasing film thickness, and so tensile stress was formed in the film in both directions of c and a, b axes. However the estimated deviation of the lattice is not large from those of bulk, i.e., less than 1%. On the other hand, splitting of diffraction peak of (200) plane was observed and this also suggests that symmetry of the Pr 2 NiO 4 crystal lattice was changed in the film with nano size thickness. Change in diffraction peaks from (200) plane of the bulk sample are discussed in detail in our previous work on Pr deficient Pr 2 NiO 4 , 4) however, this may result from deviation Ishihara: Oxide ion conductivity in defect perovskite, Pr 2 NiO 4 and its application for solid oxide fuel cells in symmetry. It is also noted that WDX analysis of the target is performed to confirm the change in chemical composition of target during deposition, and the result showed that the composition of the target is almost the same before and after film deposition. Therefore, composition gradient in the film seems not to be significant. In addition, it is well known that the residual tensile stress causes X-ray diffraction peak broadening. Therefore, peak broadening of (004) may also suggest the residual stress existing in the film. Since only diffraction peaks from doped Pr 2 NiO 4 were observed on the film and the average composition of the film is almost the same with that of bulk one, a single phase of Pr 2 NiO 4 film seems to be successfully obtained.
Effects of the film thickness on the mixed conductivity were studied as a function of temperature. Figure 9(a) shows Arrhenius type plots of the total conductivity of the film. Evidently, conductivity increased with increasing temperature and so semiconductor property is dominant in PNCG bulk and the film. However, temperature dependency of the conductivity starts to bend around 773 K, and temperature dependency was varied from semiconductor to metal like one. On the other hand, the electrical conductivity once increases and achieved the highest at 320 nm followed by decreasing with further decrease in the film thickness. Apparent activation energy for electrical conduction also strongly depends on the films thickness. Figure 9(b) shows the conductivity of PNCG film as a function of the film thickness at 573 and 873 K. As discussed, at both 573 and 873 K, the highest conductivity is observed on the film with ca. 300 nm thickness and at that thickness, the apparent activation energy became the minimum value, i.e., Ea = 0.03 eV, which is 1/5 smaller than that of the bulk one. Therefore, dependence of the electrical conductivity in PNCG film on film thickness is highly interesting from a viewpoint of conduction mechanism. Figure 10 shows the electrical conductivity of the film as a function of the unit lattice volume of PNCG in the film at different thickness. As discussed above, lattice unite was enlarged in the film and the conductivity increased with enlarging an unit lattice volume, however, the highest conductivity is achieved on the film with 320 nm thickness of which unit lattice volume is around 0.366 nm 3 . Therefore, conductivity is not simply dependent on the unit lattice volume of PNCG and the detail analysis of the mechanism for increased conductivity is required. Figure 11 shows P O2 dependence of the conductivity in PNCG film at 873 K with various thickness. In bulk PNCG, hole conduction dominated the total conductivity and so total conductivity decreased with decreasing P O2 with P O2 0.05 (10 ¹2 atm < P O2 < 1 atm range). Details for conduction mechanism in Pr 2 NiO 4 bulk oxide was reported in our previous paper. 4) On the other hand, PNCG film with 320 nm shows electrical conductivity with negligible P O2 dependency. At further decrease in the film thickness, P O2 dependency of conductivity is again observed, however P O2 dependency became smaller than that of bulk one.
Although the conductivity is almost independent of the oxygen partial pressure, hole conduction seems to be dominant in PNCG film with 320 nm thickness because of small apparent activation energy for electrical conductivity. Changes in hole concentration as well as its mobility were further studied by Hall effects. Temperature dependence of Hall coefficient in PNCG bulk and the film with 320 nm. It is clear that positive Hall coefficient were observed on both samples in all temperature ranges, suggesting the electronic hole is the main charge carrier on both samples. Figures 12(a) and 12(b) shows the temperature dependence of the estimated hole concentration and mobility. Evidently, the estimated hole concentration increased in the film than that in bulk sample by two orders of magnitude. It is also noted that the estimated activation energy for hole formation seems to be unchanged in the film. Therefore, hole formation mechanism in PNCG film seems not to be significantly changed. On the other hand, mobility of hole in PNCG film much decreased comparing with that of bulk one. One reason for decreased mobility is excessively improved hole concentration. The another seems to be assigned to the expanded unit lattice which was discussed earlier. In any case, it is clear that the improved conductivity in PNCG film is attributed to the improved hole concentration, which is charge compensation of interstitial oxygen. Electronic hole in PNCG is formed by the following equation;
Interstitial oxygen is introduced by oxidation of Pr 3+ , Ni 2+ or Cu 2+ . In fact, XPS measurement suggests that amount of Ni 3+ is much increased in nano thickness film. Therefore, interstitial oxygen was introduced by mainly formation of Ni
3+
. In according to Eq. (3), P O2 dependency of hole concentration is expressed as P O2 1/6 considering the charge neutrality [
In fact, bulk PNCG shows total conductivity depending on P O2 0.05 in high P O2 range (>P O2
¹2
), which is much smaller than that of the estimated value. This small P O2 dependence of total conductivity in bulk sample might be explained by saturated amount of O i 00 , or the decreased mobility or trapping hole at the extremely large hole concentration in PNCG. It was reported that PNCG shows high oxide ion conductivity by interstitial oxygen in a rock salt block 5), 24) and so improved hole concentration suggests that the oxide ion conductivity is also improved by increasing the interstitial oxygen amount. Since the estimated activation energy for hole formation is almost the same with that of bulk sample, introduction of interstitial oxygen is expected and the oxidation state of Pr or Ni might be varied in the film because of a tensile strain, which is suggested by the expanded lattice parameter. 25) Since PNCG shows superior oxide ion as well as hole conductivity, application of PNCG for cathode of SOFC was studied. Table 2 is a summary of power density of the cell examined with various cathode. In addition, it comprises the details of the internal resistance of cells using various composite oxide containing PNCG. In first step study, all composite oxides were mixed with 50 wt % PNCG; NiFe (9:1) powder was always used as the anode. As shown in Table 2 , the power densities of the cathode materials varied drastically. First, single PNCG shows reasonably cathodic performance at high temperature, but not good as compared to the conventional active perovskite oxides, SSC, or BLC. This reasonable cathodic performance could be assigned to the high oxide ion conductivity of PNCG. However, cathodic overpotential increased significantly with decreasing operating temperature, and a negligibly small power density is exhibited at 773 K by the cell with the PNCG cathode. This suggests that the surface activity of PNCG for oxygen dissociation is not high compared with that of BLC or SSC perovskite oxide, particularly at lower temperatures. In contrast, reasonably high power density and small overpotential were observed on the cell using the BLC or SSC cathode. Table 2 shows the power density as well as the cathode performance of the composite oxide containing PNCG. Evidently, mixing PNCG with an oxide ion conductor results in a much smaller power density, which is reasonable because PNCG originally shows high oxide ion conductivity. On the other hand, as expected, the power density at lower temperature range was improved by mixing PNCG with a typical perovskite cathode oxide. At 1073 K, the cell with PNCGSSC showed higher power density than that of the cell with the PNCGLSCF or PNCGBLC cathode. However, when the cell operating temperature decreased to 973 and 873 K, the cell with the PNCGBLC cathode showed higher power density and smaller cathodic overpotential among the examined mixed oxide cathodes. It is notable that at 773 K, the power density of the cell with the PNCGBLC cathode reached 23.5 mW/cm 2 in spite of using a thick electrolyte (0.3 mm). The Ishihara: Oxide ion conductivity in defect perovskite, Pr 2 NiO 4 and its application for solid oxide fuel cells
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IR loss of PNCGBLC was lower than that of PNCGLSCF and a little higher than that of the PNCGSSC cathode. However, compared to the cells with PNCGLSCF or PNCGSSC, the cathodic overpotential of PNCGBLC was obviously lower at all temperature ranges. This indicates that a combination of PNCG and BLC is highly effective for increasing the cathodic performance and cell performance. Therefore, the cathodic performance of the composite oxide of PNCGBLC was studied in more detail. It is also noted that comparing with BLC, IR loss of BLC-PNCG composite is little larger at low current density, but became smaller at high current density. It is suggested that the composite oxide of PNCGBLC is useful as a cathode material at intermediate temperatures. Thus, the performance of the composite oxide of PNCGBLC at lower temperatures was studied. Because of the large IR loss from the electrolyte, the cell using the 5-¯m-thick LSGM electrolyte, which was prepared with PLD method, was used. Preparation of the LSGM thin film was performed using the PLD method.
Details of the method have been reported previously. 25) In the previous study, we used a SSC cathode to measure power generating performance, and it was found that the reasonably high power density was achieved by this cell [23] . Figure 13 shows I-V and I-P curves of the cell using BLC, SSC, and PNCGBLC (1:5) composite oxide at 773 and 673 K. At both temperatures, the cell using the PNCGBLC cathode shows the highest power density. Differences in power density became larger with decreasing operating temperatures. In particular, at 673 K, the maximum power density of the cell using the PNCGBLC composite was almost double of that of the SSC cathode. Therefore, evidently, PNCGBLC composite oxide is highly promising as an active cathode for intermediate temperature SOFCs. Considering the maximum power density of 0.25 W/cm 2 for a commercial SOFC (Westinghouse) at 1273 K, 26) the maximum power density of 0.12 W/cm 2 suggests that an SOFC can be operated at 673 K by using a LSGM thin film and a PNCGBLC composite oxide cathode. 
Conclusion
In this study, oxide and electronic conductivity in defect perovskite of Pr 2 NiO 4 was studied and it was found that interstitial oxygen was introduced in rock salt block by doping Cu and Ga resulting in the much increased oxide ion conductivity. The oxide ion conductivity estimated by oxygen permeation rate was higher than that of LaGaO 3 , fast oxide ion conductor. Making thin film with nanometer thickness on SDC film also shows increased conductivity and the ion blocking method suggests that the increased conductivity can be assigned to oxide ion and do the estimated oxide ion conductivity could be increased two orders of magnitude comparing with that of PNCG or SDC bulk oxide. The main reason for increased conductivity could be assigned to a extended lattice which is introduced by epitaxial growth of the film. Therefore, Pr 2 NiO 4 laminated with CeO 2 is highly interesting as a new concept of high oxide ion conductor.
Application of Pr 2 NiO 4 for cathode of SOFC was further studied and it was found that Pr 2 NiO 4 shows superior cathodic performance, however, because of increased IR loss, cathodic property at lower temperature is not high and so composite with Ba(La)CoO 3 is effective for increasing cathodic performance of Pr 2 NiO 4 doped with Cu and Ga. Single SOFC using LaGaO 3 film and PNCG-BLC cathode shows 0.12 W/cm 2 as a maximum power density because of high surface activity of PNCG and so PNCG is also highly interesting not only from oxide ion conductor, but also from cathode materials.
